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Introduction
Recent technological advances in horizontal drilling and high-volume hydraulic fracturing have made the Marcellus Shale the newest gas-development target or play in the northern Appalachian basin. Chemung, Tioga, and Broome Counties are in the southwestern part of the Marcellus Shale play in New York and likely will be the focus of drilling early in development of the play in the State ( fig. 1 ). Protection of freshwater aquifers from contamination by saltwater and gas during the development of the Marcellus Shale play is an issue of concern. As a preliminary step in understanding and protecting the groundwater resource, logs of water wells and gas wells in the three-county area were evaluated for the determination of the presence of freshwater, saltwater, and gas above the Marcellus Shale.
This report describes the geologic formations and waterand gas-well completions in Chemung, Tioga, and Broome Counties, New York. A preliminary determination of the presence of freshwater, saltwater, and gas above the Marcellus Shale in the study area based on an evaluation of water-and gas-well logs is presented. Considerations for future water and gas logging during the drilling of Marcellus gas wells also are discussed. 
Descriptions of the Well Databases and Methods
Well logs were compiled from two databases, the U.S. Geological Survey (USGS) National Water Information System (NWIS) and the New York State Museum (NYSM) Empire State Oil and Gas Information System (ESOGIS). The NWIS, which is maintained by the USGS New York Water Science Center, stores water-well logs that can be retrieved online from http://waterdata.usgs.gov/nwis/inventory. The ESOGIS, which is maintained by the NYSM Reservoir Characterization Group, stores oil-and gas-well logs that can be retrieved online from http://esogis.nysm.nysed.gov/.
Logs for more than 1,450 water wells stored in the NWIS ( fig. 2) and logs for about 350 gas wells stored in the ESOGIS ( fig. 3 ) were reviewed to obtain information on well completions, geologic formations penetrated by the wells, and the presence of freshwater, saltwater, and gas above the Marcellus Shale in the three-county study area. Most of the water wells recorded in the NWIS and almost all of the 55 sites at which saltwater and (or) gas were present in the groundwater (appendix 1) were inventoried by Randall (1972) as part of valley-fill aquifer investigations in the 1960s and 1970s. The presence of saltwater was reported by drillers or well owners based on taste tests or was determined by waterquality analyses that indicated a chloride concentration of greater than 250 mg/L. The presence of gas was reported by drillers or well owners or was observed during field inventory.
The gas-well logs in the ESOGIS are for single-and multiple-well sites, wells whose confidential status had not expired (typically 2 years), and permitted but uncompleted wells. Because the formations above the Marcellus Shale have not been the focus of gas exploration, many of the gas-well logs contain little or no information on this stratigraphic interval. Ninety-three of the gas-well logs report penetration of water and (or) gas zones above the Marcellus Shale (appendix 2). Water flows were reported by gas-well drillers as freshwater or saltwater presumably based on taste tests. Water flows commonly were rated by the gas-well drillers in inches of the stream discharging from an open pipe into a mud pit while drilling with air. Reportedly, a 1-inch stream roughly equates to a flow of 10 to 20 gal/min, and a 2-inch stream roughly equates to a flow of 40 to 50 gal/min. Gas-flow rates generally were not quantified; those that were rated were reported in MCF (1,000 cubic feet), which presumably equates to the flow rate per day.
The spatial and stratigraphic distributions of freshwater, saltwater, and gas above the Marcellus Shale were investigated through an analysis of the water-and gas-well logs. Geographic Information System (GIS) coverages and histograms of the well data were created using ARCGIS software to aid in this preliminary delineation.
Description of the Geologic Formations
South-central New York is underlain by sedimentary bedrock of Cambrian, Ordovician, Silurian, and Devonian age ( fig. 4) . The sedimentary bedrock gently dips to the south and is underlain by Precambrian crystalline bedrock. A deep exploratory well in Chemung County, purportedly the deepest cable-tool hole in the world at the time (1953), penetrated more than 11,000 ft of sedimentary bedrock, including 600 ft of the basal Cambrian formations.
Glacial drift, including till and stratified deposits, discontinuously overlies the sedimentary bedrock in the study area. Till, an unsorted mixture of clay, silt, sand, and boulders, mantles the uplands. Stratified drift of lacustrine silt and clay, outwash sand and gravel, and ice-contact deposits fills the glacially scoured valleys ( fig. 5 ). An extensive and thick deposit of moraine, which consists mostly of till and lacustrine silt and clay with scattered sand and gravel, is present in northwestern Chemung County. Saturated deposits of sand and gravel in the valleys form major aquifers that supply freshwater to small and large communities and base flow to streams. Although the valley fill reaches thicknesses of greater than 500 ft, the total thickness of saturated sand and gravel rarely exceeds 50 ft. More detailed information on the valleyfill aquifers in the study area is presented by Randall (1972) , MacNish and Randall (1982) , Randall and others (1988), and Miller (1988) .
Sedimentary bedrock of Upper Devonian age underlies the study area ( fig. 6 ). Sandstone, siltstone, and shale of the Java Group crop out in the southwestern corner of Chemung County. The shale, siltstone, and sandstone of the West Falls Group crop out in Chemung and Tioga Counties and the southern part of Broome County. Shale and siltstone of the Sonyea and Genesse Groups crop out in the northern part of Broome County and in the northernmost valleys of Tioga and Chemung Counties. Each of these formations generally coarsens upward and to the east. The Upper Devonian formations form a fractured-bedrock aquifer that supplies freshwater to many farms, rural homes, and small communities, as well as base flow to streams. Additional information on the Upper Devonian bedrock aquifers just to the south of the study area in Pennsylvania is presented by Williams and others (1998).
The Tully Limestone ( fig. 4) , a key stratigraphic marker bed whose top is delineated in almost all of the gas-well logs, underlies the Upper Devonian bedrock. Below the Tully Limestone are shales and calcareous sandstones of the Hamilton Group. At the base of the Hamilton Group is the Marcellus Shale, a black, organic-rich shale. Although gas has been produced from the Marcellus Shale in New York since 1931, the combination of horizontal drilling with high-volume hydraulic fracturing has made this formation the latest "hot" prospect in the State. Historically, gas production in the study area mainly has been from three formations that lie below the Marcellus Shale-the Oriskany, Helderberg, and Trenton-Black River. The Oriskany Sandstone of Lower Devonian age is typically a fossiliferous, quartz-rich sandstone cemented with quartz or calcite. The Oriskany, which has intergranular and fracture porosity, has been a widespread gas producer in New York and throughout the Appalachian basin. Many of the exploration wells completed in the Oriskany produced saltwater in addition to, or instead of, gas. The carbonate rocks of the Helderberg Group, also of Lower Devonian age, lies below the Oriskany Sandstone and locally have been an important gas producer. Deep gas reservoirs have been developed in the Upper Ordovician Trenton and Black River Groups in patchy dolomite matrix and brecciated zones along faultrelated structural lows. The Utica Shale, which lies above the Trenton and Black River Groups, is a black, organic-rich shale that is receiving considerable interest as a low-permeability unconventional gas play similar to that of the Marcellus Shale.
Description of the Wells
Water wells in the study area are completed in glacial drift or the Upper Devonian bedrock. Municipal-supply and other high-yield wells are screened in glacial sand-and-gravel aquifers commonly present along river and major stream valleys ( fig. 7) . Farm-and home-use wells tap sand-and-gravel aquifers through open-end casing. Wells that tap bedrock are cased to competent rock and completed as open holes.
Until 2000, gas wells in the study area were drilled as vertical boreholes. Since then, many have been completed as horizontal wells to maximize production from target horizons. Both vertical ( fig. 8A ) and horizontal (figs. 8B-C) wells have multiple casings. The uppermost casing is called the conductor casing and is set to competent bedrock to provide for stable drilling conditions. The next casing interval is the surface casing, which is set to a prescribed depth below the freshwater aquifer. The wellbore annular spacing is cemented from the base of the surface casing to land surface. If drilling conditions dictate, an intermediate casing may be set inside the surface casing ( fig. 8B ). Finally, the production casing is set inside the surface casing, and if present, the intermediate casing, to the targeted gas horizon. The wellbore annular spacing of the intermediate and production casings typically has been cemented one to several thousand feet above the base of the casings (figs. 8A-B). As presently drafted, the New York State Department of Environmental Conservation (NYSDEC) regulations for horizontal wells with high-volume hydraulic fracturing in shale will require that the production casing be 
Freshwater, Saltwater, and Gas above the Marcellus Shale
The presence and distribution of freshwater, saltwater, and gas above the Marcellus Shale were investigated through analysis of the water-and gas-well logs (appendixes 1 and 2). Seventy-four gas wells penetrated 123 freshwater zones in glacial drift and Upper Devonian bedrock at depths of 12 to 784 ft below land surface ( fig. 9 ). About 75 percent of the freshwater zones were penetrated at depths of 150 ft or less below land surface ( fig. 10 ). The distribution of the freshwater-zone depths approached a log-normal distribution. Nine of the 10 gas wells that penetrated freshwater at depths greater than 500 ft below land surface are in upland bedrock settings. The one exception is a gas well that penetrated a highly confined sand-and-gravel aquifer buried beneath 700 ft of morainal deposits, which consist of lacustrine silt and clay with some till near land surface.
Forty-six water wells penetrated saltwater zones at depths of 56 to 520 ft below land surface ( fig. 9 ). Two of these wells penetrated saltwater in glacial drift; the rest penetrated saltwater in Upper Devonian bedrock. Most of the salty water wells penetrated saltwater zones in the Upper Devonian bedrock at depths of 140 to 260 ft below land surface. All the water wells that penetrated saltwater were in river, major stream, or upland-tributary valleys. Sixteen gas wells penetrated saltwater at depths of 500 to 3,400 ft below land surface. Thirteen gas wells penetrated saltwater in Upper Devonian bedrock; most of these saltwater zones are at depths between 1,500 and 2,000 ft below land surface. Three gas wells penetrated saltwater in the Tully Limestone and Hamilton Group above the Marcellus Shale.
Thirty-two gas wells penetrated 49 gas zones above the Marcellus Shale at depths of 263 to 2,281 ft below land surface (figs. 11 and 12) . Eighty percent of the gas zones are in the Upper Devonian bedrock, and the rest are in the Tully Limestone and Hamilton Group above the Marcellus Shale. The frequency of gas zones increased with increasing depth to about 1,500 ft. Of the six gas zones that were rated, which likely correspond to higher flow shows, four are in the Tully Limestone. Ten water wells penetrated gas at depths of 49 to 438 ft below land surface. Two of these wells penetrated gas in glacial drift, the rest penetrated gas in Upper Devonian bedrock.
Preliminary Conclusions
Well logs in the ESOGIS and NWIS databases provide a preliminary but incomplete determination of freshwater, saltwater, and gas above the Marcellus Shale in the study area. Results of the evaluation of the well logs indicate that freshwater aquifer zones are log normally distributed with depth and that freshwater circulates to a greater depth in the uplands than in the valleys. The base of the freshwater aquifer appears to be about 800 ft below land surface in upland settings but only about 200 ft below land surface in valley settings. At depths greater than 200 ft in valley settings, groundwater in the Upper Devonian bedrock and in a few areas in the glacial drift is salty. Gas is present locally in the glacial drift, Upper Devonian bedrock, Tully Limestone, and Hamilton Group above the Marcellus Shale. The highest rates of gas flow above the Marcellus Shale may be associated with the Tully Limestone. The frequency of gas shows generally increases with depth in the Upper Devonian bedrock with pockets of gas locally present above the base of the freshwater aquifer. 
EXPLANATION
Water well that penetrated saltwater within indicated depths, in feet 56 to 139 140 to 260 261 to 520
Gas well that penetrated freshwater within indicated depths, in feet 12 to 149 155 to 500 520 to 784
Figure 9. Location of water wells that penetrated saltwater and gas wells that penetrated freshwater in the study area. Figure 11 . Location of gas and water wells that penetrated gas above the Marcellus Shale in the study area. Number and depth of gas zones above the Marcellus Shale penetrated by gas wells in the study area.
Considerations for Future Water and Gas Logging
In the future, extensive drilling likely will occur in the Marcellus Shale play in New York, including areas in the eastern part that have not undergone any substantial gas development to date. Consistent and complete reporting of freshwater, saltwater, and gas during the drilling of Marcellus Shale gas wells would greatly expand the existing databases. Measurement and reporting of field specific conductance of water produced during drilling would enhance the value of the gas-well logs that presently only classify the water as fresh or salty. Specific-conductance and temperature logging of open boreholes prior to surface-casing installation with a portable, wireline geophysical logger commonly used in the groundwater industry ( fig. 13 ) would be an efficient and highly sensitive means to help delineate freshwater, saltwater, and gas shows at Marcellus Shale gas-drilling sites.
As presently drafted (2010), NYSDEC regulations for horizontal gas wells with high-volume hydraulic fracturing in shale require that water wells within 1,000 ft of the gasdrilling sites (or 2,000 if no wells are present within 1,000 ft) be sampled before drilling and at 3-month intervals for a year following fracturing operations (New York State Department of Environmental Conservation, 2009). The presence of nearby water wells is to be determined by review of available water-well logs along with field inventory. In addition to the well data available in the NWIS, the NYSDEC Water Well Program (available online at http://www.dec.ny.gov/ lands/33317.html) stores location and construction records for water wells drilled since 2000. The water-quality samples from the selected water wells are to be analyzed for a wide range of constituents, including potential gas-drilling related contaminants such as chloride, barium, gross alpha activity, and methane. Compilation and integration of the water-well records and water-quality analyses related to gas development with other data from county-wide and regional sampling programs, such as the NYSDEC-USGS rotating basin project (Hetcher-Aguila, 2005; Hetcher-Aguila and Eckhardt, 2006; Nystrom, 2007; 2008) , would provide an important database for documenting baseline conditions and any potential effects from drilling and hydraulic fracturing. These data could be made available to all agencies, gas producers, and the general public with the ultimate goal of promoting the understanding and protection of the freshwater aquifers in the Marcellus Shale play area. Figure 13 . Gamma, induction conductivity, caliper, specific conductance, and temperature logs from a water well that penetrated saltwater below 300 feet in Upper Devonian bedrock, western New York. 
--
Original depth 76 ft, water at 76 ft, 6-inch casing to 37 ft, flowed, later found to be salty; cased to 76 ft, deepened, still salty, unused. Altitude of land surface, in feet above sea level; National Geodetic Datum of 1929.
5
Depth of well, in feet below land surface.
6
Depth of casing, in feet below land surface.
7
Depth to the top of bedrock, in feet below land surface.
8
Depth of freshwater zone, in feet below land surface.
9
Depth of saltwater zone, in feet below land surface.
10
Depth of gas zone, in feet below land surface.
Appendix 2. Log summary for gas wells in the Empire State Oil and Gas System that penetrated freshwater, saltwater and (or) gas above [--, no -
Salt spring or 30 ft salt well 1/4 mi away.
-
Freshwater at 100 ft, strong gas show at 867 ft.
----1,487 --125, 317, 595 920 --858, 920, 1,250 --
Freshwater at 125, 317, and 595 ft; saltwater at 920 ft; gas at 858, 920, and 1,250 ft.
Gas shows in upper Devonian and Hamilton (depths not specified).
--
Gas shows in upper Devonian (depths not specified).
- -
Saltwater at 3,444 ft well filled up to 100 ft in 30 hours.
--27 2,065 3,187 115 --------15 to 20 gal/min at 114-116 ft, 0-27 ft glacial drift.
--10 2,130 --
Water at 55 ft in shale.
50 MCF shale gas at 2,310-2,525 ft, 260-88 MCF with 6 barrels saltwater in black shale.
800 ft of saltwater at 1,235 ft.
700-701 ft gravel below 640 ft of clay, flowed at 3,580 gal/min for 4 days, spurted up 8 ft in air from 10 inch casing.
Well abandoned in Tully limestone, well apparently in path of fault. -
Well on knee of fault, 500 ft saltwater 2 inch stream.
---- -
Saltwater at 1,718 ft, gas at 1,265 ft and some oil at 1,763 ft.
Show of gas at 1,290-1,334 ft. --100 3,040 4,158 100 --------0-100 ft gravel (water), shale at 100 ft.
